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We have performed a computer analysis to study the prevalence of DNA static curvature in the regulatory regions of Escherichia coli, detecting
a large number of operons with curved DNA fragments in their 5′ upstream regions. A statistical analysis reveals that all the global transcription
factors identified so far in E. coli have a tendency to regulate operons with curved DNA sequences in their upstream regions. In addition to these
global regulators, we also found that the PurR, ArgR, FruR, TyrR, and CytR specific regulators present a similar propensity. Interestingly, for these
cases we found no previous reference describing a possible relationship with curved DNA regions. To validate our theoretical results, we
performed site-directed mutagenesis to reduce the degree of DNA curvature in the regulatory sequences of the aroG, pyrC, and argCBH operons.
The effects of these changes were measured by polyacrylamide gel electrophoresis assays and further evaluated in vivo by transcriptional fusions
to a reporter gene. All our results point toward a more widespread role of curved DNA in gene transcription, a fact that has previously been
underestimated.
© 2005 Elsevier Inc. All rights reserved.Keywords: DNA static curvature; Escherichia coli promoters; aroG; pyrC; argCBH; site-directed mutagenesis; gene transcriptionThe initial step in gene expression is the selection of those
genes that will be transcribed among the many thousands
encoded in a typical genome. This selection requires the
recognition of a specific region within the genome by one or
more regulatory proteins. In bacterial genomes, this recognition
is commonly considered “sequence-dependent” since it is based
on the specific interactions of the regulatory protein with the
DNA nucleotides. The identification of “DNA consensus
sequences” for the binding of different regulatory proteins
clearly evidence the existence of these sequence-dependent
signals. Nonetheless, it has also been demonstrated that primary
DNA sequence is not the only source of information in the
genome for the transcription regulatory process. Changes from
the linear trajectory of DNA can make this molecule adopt a
curved structure, which can also be used as a regulatory signal⁎ Corresponding author. Fax: +52 777 317 23 88.
E-mail address: merino@ibt.unam.mx (E. Merino).
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doi:10.1016/j.ygeno.2005.11.023for transcription initiation. Earlier studies with the PL promoter
[1], rrnB P1 [2], sigmaS [3], sigma54-dependent glnA[4], and
those coding for H-NS histone-like [5], IHF, and HU [6], among
many others, have demonstrated the regulatory role of curved
DNA regions preceding certain promoter sequences.
On the one hand, static DNA curvature has been shown to
activate transcription facilitating the binding of RNA polymer-
ase to promoters or favoring the interaction of activator proteins.
The transcriptional activation of ompF and ompC by OmpR in
Escherichia coli is an example of such activation [7].
Furthermore, the positive effect of curved DNA on transcription
initiation has also been observed in artificial promoter
sequences [6]. On the other hand, curved DNA regions can
also repress transcription initiation. In this case, DNA curvature
generally plays an indirect role: the binding of specific
“silencer” proteins stabilizes or enhances a preexisting DNA
loop, thus effectively blocking transcription of downstream
regions. Recently, studies on the regulation of one of the
primary regulators of the invasion process in Shigella, virF, and
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role of curved DNA. In these cases, curved DNA regions act as
a thermosensor that optimizes the gene regulation in response to
changes in the environmental conditions by gradually unmask-
ing specific target sites for cofactors involved in transcription
activation or repression [8,9].
The regulatory role of static DNA curvature on transcription
regulation has been studied not just for specific genes, but in a
more general and genomic context. Among the first analysis of
DNA curvatures considering complete genome sequences, our
group [10] and others [11] have found that in the E. coli
genome, promoter regions have a tendency to be more curved
than random or coding sequences. Recently, by a broader
analysis of the regulatory regions from 99 complete archaeal
and bacterial genomes, we have also demonstrated that DNA
static curvature could be a conserved regulatory element in
some families of orthologous genes [12].
To extend these initial genome-scale characterizations, the
present study analyzes the extent to which static DNA curvature
could be involved in transcription initiation in the well-
documented E. coli bacteria. For this purpose we have grouped
its 638 operons for which experimental characterization is
available into 81 different regulons and evaluated their tendency
to have statistically significant static curvature in their
regulatory regions. These theoretical predictions were verified
by site-directed mutagenesis for the most representative cases.Fig. 1. DNA curvature profile of the Escherichia coli genome. For each of the 4,639,6
an implementation of the BEND algorithm [15] using the rotational and translational c
[16] (see Materials and methods). These values were grouped into a histogram prof
expressed as a percentage of the genome size. The gray square on the right includes th
The names of the operons studied in this work are located considering the curvature
operon, which presents the highest degree of curvature in a regulatory region (14.3°With this aim, we developed a computer program to assist the
design of point mutations that would reduce the DNA curvature
of the regions under analysis. Our results indicate that the
intrinsic DNA curvature plays an important role in transcription
regulation and evidence that curved DNA fragments are more
widely distributed in the E. coli genome than previously
anticipated.
Results
In silico analysis of DNA static curvature in the E. coli K12
genome evidences a more relevant role than expected
Based on RegulonDB release 4.0 [13], we obtained the first
400 bp upstream of each of the 638 E. coli operons for which
experimental characterization is available. The curvature
profiles of these sequences were generated by the evaluation
of the DNA static curvature at every one of their nucleotides.
The maximum curvature value of each sequence was recorded
and compared with a predetermined cutoff value to identify
curved regions likely to have an effect on gene transcription. We
chose 10°/helical-turn as our cutoff since it was the smallest
value experimentally found to have an effect on gene regulation
[14], presents an anomalous migration in gel electrophoresis,
and is located 2.9 SD (standard deviations) from the E. coli
genome mean of 4.01°/helical-turn (see Fig. 1). Our theoretical75 bp of the E. coli K12 genome, the DNA curvature value was evaluated using
ontribution matrices derived from sequence periodicity in nucleosome core DNA
ile with a width bin of 0.33° per helical-turn. Frequencies were normalized and
e histogram area with curvature values greater than our cutoff of 10°/helical-turn.
values of their regulatory regions. As a reference we also include the mtlADR
/helical-turn).
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significant curvature values greater than this cutoff in their
corresponding regulatory regions. On our Web page at http://
www.ibt.unam.mx/biocomputo/dna_curvature.html, we list
these operons and present the DNA curvature profile of their
corresponding 5′ regulatory regions.
The transcription unit with the highest degree of curvature
was the mannitol uptakemtlADR operon, with a curved segment
of 14.3°/helical-turn. This value is highly significant since it is
located more than 5 SD away from the E. coli curvature
genomic mean (see Fig. 1).
Identification of regulons with a significant number of operons
with curved regulatory regions
To identify a possible tendency of a certain group of operons
to be regulated by DNA static curvature, we grouped the 638 E.
coli operons into 81 different regulons according to the known
regulatory proteins involved in their transcriptional control, as is
reported in the literature-based curated database RegulonDB.
Multiregulated operons were counted as many times as the
number of proteins involved in their transcription regulation.
The statistical significance of the distribution of these curved
regions in the different regulons was evaluated assuming aTable 1
Escherichia coli regulons predicted to have an overrepresentation of operons regula
Regulon a Cur/Tot Transcription units with DNA curved regulatory region
ArcA 6/16 icdA (11.5, −), cydAB (11.1, +), hyaABCDEF (10.9,+),
CRP 28/63 ptsHI-crr (14.1, ±), malS (13.3, +), ubiG (12.8, +), glgC
cyaA (11.7, −), proP (11.6, −), glnALG (11.4, +), nagB
nagE (11.1, +), ompA (10.9, −), fucAO (10.8, +), ppiA
srlABDR-gutM-srlE (10.5, +), fadL (10.3, −), udp (10.3
glpTQ (10.1, +), gltA (10.1, +), araFG-b1899-b1898 (1
FIS 9/24 b3796-b3797-b3798-b3799 (12.6, +), b0216 (12.4, +), b
b0971 (11.0, +), b3171-nusA-infB (10.6, +), b0670-b06
b2396-b2397 (10.2, +) fis-yhdG (9.0, −)
FNR 7/17 icdA (11.5, −), cydAB (11.1, −), frdABCD (10.9, +), hyp
fnr (10.0, −)
Hns 4/4 rcsA (13.3, −), stpA (11.4, −), hns (10.4, −), fliZ-fliY (1
IHF 8/19 carAB (12.1, ±), hycABCDEFGH (11.9, +), ompC (11.9
dppABCDF (10.6, binding), hypACBDEF (10.5, +), him
Lrp 7/14 lrp (12.9, −), gcvTHP (12.1, +), livKHMG (12.0, −), om
ArgR 6/7 argCBH (13.0, −), argE (12.9,−), argD (12.5, −), argI
CytR 4/6 tsx (11.2, ±), ppiA (10.7, −), deoCABD (10.6, −), udp (
FruR 5/7 ptsHI (14.1, ±), icdA (11.5, +), ppsA (10.4, +), pykF (10
PurR 6/17 purC (13.5, −), purHD (12.7, −), gcvTHP (12.1, −), py
TyrR 4/8 aroG (13.6, −), tyrB (10.6, −), tyrP (10.1, ±), tyrR (9.3
a The statistical significance of the distribution of curved regions in different regu
presented p values smaller than 0.1. The description of the regulatory proteins of t
respiration; CRP, dual DNA-binding transcriptional regulator of a large number of cat
DNA-binding protein for site-specific recombination, transcription of rRNA and tR
anaerobic respiration, osmotic balance; Hns, dual DNA-binding transcriptional regula
into DNA; Lrp, transcriptional regulator for leucine regulon and high-affinity branch
CytR, dual DNA-binding transcriptional regulator for nucleoside catabolism and r
negative transcriptional regulator of genes involved in the novo purine nucleotide b
amino acid transport.
b Operons with curved regulatory regions greater than 10°/helical-turn were consid
curved regulatory regions greater than 9°/helical-turn were also considered in the sta
repression; ±, dual.
c Type of transcription factor: G, global transcription factor; S, specific transcriptihypergeometrical distribution of the signals (see Table 1). This
type of distribution was expected given the differences in the
number of transcription units of each regulon. Our data indicate
that 12 of the 81 regulons present p values smaller than 0.1.
These groups were considered to be regulated by DNA
curvature and correspond to global (ArcA, CRP, FIS, FNR,
Hns, IHF, and Lrp) as well as specific (ArgR, CytR, FruR, PurR,
and TyrR) regulons (see Table 1).
Construction of a Web server to assist the design of the
experimental characterization of curved DNA regions
To identify fully the relevant elements in a curved DNA
region and the minimum point mutations that would reduce
them, we developed a Web server named MUTACURVE
(http://www.ibt.unam.mx/biocomputo/dna_curvature.html). In
the first instance, this server evaluates the amplitude of the
intrinsic DNA curvature of every nucleotide in a given sequence
using the algorithm of Goodsell and Dickerson [15] with the
contribution matrices for rotational and spatial displacements
reported by Satchwell et al. [16]. Second, centered at the
maximum curvature value, the server evaluates the effect of
every double point mutation in a window of 31 nucleotides
(three helix turns) to select those changes that would produce ated by DNA curvature
s b TF c Ref.
betT (10.8, −), glpABC (10.3, −), gltA (10.1, −) G
AP (12.6, +), fixABCX (12.3, +), glpFK (11.7, +),
ACD (11.2, +), tsx (11.2, ±), tdcABC-yhaQ-tdcDE (11.1, +),
(10.7, ±), fucPIKUR (10.6, +), deoCABD (10.6, +),
,+), cpdB (10.3, +), glpABC (10.3, +), araE (10.2, +),
0.0+), rpoS (10, binding)
G [24]
1032 (11.6, +), b0743-b0744-b0745 (11.0, +),
66-b0665-b0664-b0668-b0673-b0672 (10.2, +)
G
ABCDE (10.5, +), glpABC (10.3, +), nirBDcysG (10.2, +), G
0.3, +) G [14]
, −), himA (11.2, −), tdcABC-yhaQ-tdcDE (11.1, +),
D (10.4, −)
G [7]
pC (11.9, −), serA (11.5, +), stpA (11.4, +), lysU (10.1, −) G
(10.1,−), argF (10.0, −), argR (10.0, −) S
10.3, −) S
.3, −), fruBAK (10.0, −) S
rC (11.4, −), purR (10.4, −), codBA (10.4, −) S
, −) S
lons was evaluated assuming a hypergeometrical distribution of the signals and
he regulons was taken from [34] and is as follows: ArcA, regulator of aerobic
abolic genes, catabolite activator protein CAP, cyclic AMP receptor protein; FIS,
NA operons, and DNA replication; FNR, transcriptional regulation of aerobic,
tor; IHF, dual DNA-binding transcriptional regulator that introduces sharp bends
ed-chain amino acid transport system; ArgR, regulator of arginine biosynthesis;
ecycling; FruR, transcriptional repressor of fructose utilization regulon; PurR,
iosynthesis; TyrR, transcriptional regulation of aroF, aroG, tyrA, and aromatic
ered in the analysis. Operons encoding autoregulated transcriptional factors with
tistic analysis and are indicated in boldface. Kind of regulation: +, activation; −,
on factor.
Fig. 2. Use of MUTACURVE Web server to design point mutations that
decrease the extent of DNA static curvature. (A) The DNA curvature value of
every nucleotide of a given sequence is calculated and used to plot the curvature
profile of the analyzed region (black line). In our example, we used the aroG
leader sequence. Centered at the nucleotide with the greatest curvature value, a
window of 31 bp is used to look for the double nucleotide change that would
produce the most significant reduction in the intrinsic DNA curvature of the
fragment. This change is introduced into the original sequence and a new
curvature profile is plotted (gray line). From these plots it can be seen that the
highest curvature region in our example is localized 132 bp upstream of its
coding region (dashed box). The solid boxes represent the −10 and −35
promoter sequences and the white box the operator region (see the map at
histogram bottom). (B) The nucleotide sequences of the wild-type and
mutagenized aroG regulatory regions are presented. Capital letters represent
the mutagenized nucleotides (T → G). The corresponding predicted values of
DNA static curvature for each of the sequences are indicated at the right.
Fig. 3. Anomalous migration of predicted curved DNA fragments in a
polyacrylamide gel electrophoresis. Based on our computer prediction, we
selected representative cases of regulatory regions with significant DNA
curvature. The first 400 bp upstream of their coding regions were amplified by
PCR and subjected to native polyacrylamide gel electrophoresis according to the
conditions described previously in [41]. A 100 bp ladder (100 Base-Pair Ladder;
Amersham Biosciences) was used as a nonbent weight marker (M).
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fragment. Last, the server generates the curvature profiles of the
original and mutated sequences for their comparative analysis
(see Fig. 2A).
Validation of the in silico predictions on DNA static curvature
by polyacrylamide gel electrophoresis and site-directed
mutagenesis
To support the results obtained in our in silico study, DNA
fragments corresponding to the first 400 bp upstream of the
noncoding regions of the nine representative operons were
PCR-amplified. These PCR fragments were run on polyacryl-
amide gels under particular conditions selected to observe the
anomalous migration of curved DNA fragments (see Materials
and methods). Even though all the fragments have the same
length, they showed slower migration with respect to an unbent
fragment of identical length (see Fig. 3).
Effect of the DNA static curvature on transcription
In addition to the electrophoretical analysis, we decided to
observe the in vivo effect of the DNA curvature of selected
representative operons by the comparison of chloramphenicolacetyltransferase (cat) transcriptional fusions regulated by the
native curved regulatory regions with their corresponding
noncurved versions. The selection of these operons was
performed according to the following criteria: (a) the operons
should be part of the regulons most significantly regulated by
DNA static curvature, (b) we selected very well characterized
operons for which no previous evidence of curved DNA had
been reported in the literature, (c) the predicted DNA curvature
did not overlap the promoter or any other previously reported
regulatory site, and (d) the selected genes were not regulated by
any of the global regulatory proteins for which DNA curvature
is already known to have a regulatory role (CRP, FIS, Hns,
IHF). Based on these criteria, the selected operons were pyrC as
representative member of the PurR regulon, involved in de novo
purine nucleotide biosynthesis; aroG as representative element
of the TyrR operon, involved in aromatic amino acid
metabolism; and argCBH, for the ArgR regulon, which controls
the expression of arginine biosynthesis.
We used our Web server MUTACURVE to locate the points
of maximum curvature in the regulatory regions of the
previously selected operons. For each of these maximums, the
server identified the corresponding double nucleotide change
that would reduce the extent of the DNA curvature. Taking into
account this information, we cloned the regulatory regions of
pyrC, aroG, and argCBH transcription units into the plasmid
pKK232-8 (Pharmacia Biotech) to yield the plasmids pKK2-
pyrC, pKK2-aroG, and pKK2-argC, respectively. To generate a
noncurved version of these regulatory regions, we performed
inverted PCR mutagenesis of these plasmids to introduce the
double changes recommended by our server MUTACURVE.
Afterward, the effect of the mutagenesis on these regulatory
regions was analyzed by polyacrylamide gel electrophoresis at
4°C, as described under Materials and methods. In accordance
with our predictions, the three mutagenized DNA fragments
migrated faster than their corresponding wild-type curved DNA
segments (see Fig. 4A).
It is worth noting that in all of these cases, the curved region
was located upstream of the promoter sequence (see Fig. 4B).
Fig. 4. Experimental validation of the in silico mutagenesis analysis. (A) The
effects of double point mutation on the electrophoretic mobility of the regulatory
region of the pyrC, aroG, and argCBH operons can be observed by the
comparison of their corresponding wild-type (Wt) and mutagenized PCR
fragments (Mt). (B) Schematic representation spanning the regulatory and
structural regions on each transcriptional unit. The representation of the
regulatory elements is the same as in Fig. 2.
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mutant transcriptional fusions, under no-repression and repres-
sion conditions, to analyze the effects on both the overall
expression of the operon and the extent of its regulation.
Regarding the effect of DNA curvature on the expression of the
reporter gene, it was evaluated as the coefficient resulting from
comparing the CAT activity of the strain carrying the
mutagenized regulatory region versus the CAT activity of the
strain carrying the wild-type regulatory region. In all of theTable 2
Effect of DNA static curvature on gene transcription
Regulon/
transcription
unit
DNA static
curvature a
Expres
Wt
Corepressor c RWt
(−/+) d
Wt Mut + −
TyrR/aroG 13.6 9.0 4047 2286 1.8
PurR/pyrC 11.5 5.0 3218 1904 1.7
ArgR/argCBH 13.0 7.0 4576 140 33
a The extent of the DNA static curvature is given in degrees/helical-turn. Wt, wild
b The chloramphenicol acetyltransferase assay was performed as described previ
bacterial cultures grown on minimal medium at an OD600 of 0.8 and is given in μmo
Standard deviations were below 15% of the average.
c CAT activities obtained from cultures grown with (+) or without (−) corepressor
d Ratio between CAT activities obtained from cultures carrying the wild-type regu
e Ratio between CAT activities obtained from cultures carrying the mutant regula
f Expression ratios (Mut/Wt) were evaluated from the CAT activities obtained f
corepressor molecule.examples analyzed in this study, the overall expression of the
operons was reduced under either repression or no-repression
growth conditions (see Table 2). On the other hand, the effect of
DNA curvature on the extent of regulation in the wild-type
(RWt) or mutagenized (RMut) constructs was evaluated by
comparing the CAT activity obtained under the no-repression
condition versus that obtained under the repression condition.
This regulatory value was expressed as the coefficient RMut/RWt
and was found to be close to 1 in all our constructs (see Table 2).
Discussion
DNA static curvature has been recognized as an important
element in a broad range of biological processes including
replication, recombination, and chromatin structuring, as well
as transcription regulation [17–21]. In this regard, we have
recently identified statistically significant conservation of the
presence of curved DNA regions in some families of
orthologous genes [12]. In the present study, we have taken a
genomic approach to analyze the presence of DNA static
curvature in the model organism E. coli. Our results indicate
that an important number of characterized operons in this
organism (225 of 638) possess sequences of significant
curvature in their 5′ regulatory regions. The anomalous
migration in polyacrylamide gel electrophoresis of such
fragments as well as our CAT activity analysis of the wild-
type and mutagenized representative examples, pyrC–cat,
argC–cat, and aroG–cat transcriptional fusions, supports the
idea that these curved sequences are likely to have a biological
role in the transcription initiation process. In the particular case
of our working models, the curved regions are located upstream
of their promoter sequences and do not overlap any of the
known protein binding sites previously defined by electropho-
retic mobility shift assays or DNase I footprinting analysis
[22,23]. In these cases, DNA static curvature stimulates
transcription initiation without affecting the overall regulatory
ratio. This enhancing property of curved DNA on the basal
activity of promoters had already been described for the E. colision b Expression ratio
(Mut/Wt) f
Regulation
ratio
RMut/RWt
Mutant
Corepressor RMut
(−/+) e
+ − − +
2332 1945 1.2 0.58 0.85 0.66
2607 1651 1.6 0.81 0.87 0.94
3752 97 39 0.82 0.7 1.18
-type regulatory region; Mut, mutant regulatory region.
ously [42]. The specific activity was determined from samples collected from
l/mg/min. The values shown are the averages of three independent experiments.
molecule. See Materials and methods for details.
latory regions (RWt) grown without and with corepressor molecule.
tory regions (RMut) grown without and with corepressor molecule.
rom mutant and wild-type fusions of strains grown without (−) and with (+)
334 N. Olivares-Zavaleta et al. / Genomics 87 (2006) 329–337strong promoter [24] as well as for artificial promoters [6,25].
However, as we have already mentioned, DNA curvature can
play many roles in transcription regulation, such as being the
binding site for repressor or activator proteins or the binding site
for the RNA polymerase α subunit [26] and favoring
transcription by assisting the formation of DNA regulatory
loops, among other roles (reviewed in [6,17]). Although
experimental characterization is required to elucidate the
particular role and the extent to which curved DNA regions
contribute to the transcription regulation of specific operons,
our results evidence the existence of a great number of operons
in E. coli that carry significantly curved sequences in the
vicinity of their promoter sequences, supporting the idea that
DNA curvature plays a more important role in transcription than
has previously been anticipated. Indeed, the underestimation of
the relevance of curved DNA in gene transcription is evidenced
by the fact that in our list of the top 30 operons with the greatest
curvature values, the role of DNA static curvature on
transcription has been experimentally characterized in only 2
[27,28].
Our statistical analysis of the presence of curved sequences
in E. coli regulatory regions evidences that, in addition to its
generic enhancer activity on transcription, DNA static curvature
could also be highly associated with specific regulatory
proteins, as was previously reported in the literature in the
cases of CRP [29], FNR [30], H-NS [5], IHF [31,32], HU [6],
and FIS [33]. Furthermore, this analysis also revealed that every
one of the global transcription factors (GTF) identified so far in
the E. coli genome [34] has a significant tendency to regulate
operons with curved DNA sequences in their regulatory
regions. These GTFs regulate directly or indirectly, by the
modulation of other regulatory proteins, the expression of a
great number of genes that commonly belong to different
functional classes and are as follows: (a) carbon metabolism, the
GTFs of which are the cyclic-AMP receptor protein CRP, the
factor for inversion stimulation FIS, and the leucine-responsive
regulatory protein Lrp; (b) the respiration-response module, the
GTFs of which are the aerobic respiration regulatory protein
ArcA and fumarate and nitrate reductase regulatory protein
FNR; and (c) the chemotaxis, motility, and biofilm formation
module, the GTFs of which are the histone-like protein Hns and
the integration host factor IHF [34]. Interestingly, most of these
GTFs that bind to curved DNA regions are known to be
autoregulated (see Table 1).
In addition to the GTF regulons, five specific regulons were
found to present a tendency to regulate operons with curved
sequences in their 5′ upstream regions: (a) the PurR regulon,
involved in de novo purine nucleotide biosynthesis; (b) the ArgR
regulon, responsible for arginine biosynthesis; (c) the FruR
regulon, involved in the central pathways of carbon metabolism;
(d) the CytR regulon, involved in the nucleotide catabolism and
recycling; and (e) the TyrR regulon, responsible for aromatic
amino acidmetabolism. It is worth noting that, as far as we know,
there are no references relating DNA static curvature with
transcription regulation of any of these regulons. In this work,
we present theoretical and experimental data supporting the role
of curved DNA sequences in the transcription of some membersof the PurR, TyrR, and ArgR regulons. These results led us to
hypothesize that the contribution of static DNA curvature on
gene expression of our model organism E. coli could be partially
overlooked and open the possibility of characterizing many
other genes transcribed in a DNA curvature-dependent manner.
In this regard, we have developed aWeb server, MUTACURVE,
to assist in the design of experimental characterization of curved
DNA regions.
To our knowledge, MUTACURVE is the first program that
identifies the precise punctual changes in a nucleotide sequence
required to modify the extent of DNA static curvature in a given
region. The most common approach taken by other groups to
define the role of curved regions in transcription regulation is
based on serial deletions or replacements of the 5′ upstream
coding region [8,14,35–37]. This procedure introduces the
considerable risk of modifying important regulatory regions that
might not have been characterized yet. In contrast, MUTA-
CURVE identifies the regions of greater extent of DNA
curvature and performs a screening of all possible double
changes to diminish this curvature. In this work, we have shown
that making punctual changes on curved DNA fragments was
enough to modify their electrophoretic motility properties as
well as to have an appreciable effect on gene transcription. We
think the MUTACURVE server will also be a useful tool in the
characterization of many other processes in which intrinsic
DNA curvature could play an important biological role.
Materials and methods
DNA sequence, delimitation of regulatory regions, and curvature
calculations
Based on the operon predictions of the RegulonDB database [13], the
upstream sequence of the first gene of every transcription unit in E. coliK12 was
retrieved. Since more than 90% of the regulatory signals in this organism have
been found within the first 400 nt upstream of each operon, the retrieved
sequences were shortened to this size. This set of sequences was called MURs
(minimal upstream regions) [38] and constitutes the initial input data of our
analysis.
The maximal curvature for each MUR was calculated using an
implementation of the BEND algorithm [15] using the rotational and
translational contribution matrices derived from sequence periodicity in
nucleosome core DNA [16]. These algorithm and matrices were chosen since
they have been found to predict experimental curvature data accurately as
measured by gel retardation, cyclization kinetics, and X-ray crystallography
[15]. The E. coli curvature profile was obtained by assigning to each of its
nucleotides a curvature value, expressed as a deviation angle from the helical
axis per helical-turn. Signal-to-noise ratio was minimized by taking the average
value of a sliding window of 31 nucleotides (three helical-turns) and assigning it
to the central nucleotide [15].
Statistical evaluation of the overrepresented DNA curved regulatory
regions in the E. coli regulons
For each of the MURs, the extent of the intrinsic DNA curvature was
evaluated throughout its entire sequence. In the event that the maximum of these
values was greater than 10° per helical-turn, the transcription unit was consider
to be potentially regulated by DNA static curvature. This value was used as
cutoff since it is the smallest value experimentally found to have an effect on
gene regulation, presents an anomalous migration in gel electrophoresis [14],
and is located 2.9 SD from the mean value of the E. coli curvature profile (see
Fig. 1). Based on the experimental information contained in the RegulonDB
335N. Olivares-Zavaleta et al. / Genomics 87 (2006) 329–337database [13], we clustered transcription units into regulon groups in accordance
with the proteins that regulate their transcription. Multiregulated operons were
grouped as many times as the number of proteins involved in their transcription
regulation. The statistical significance tendency of each regulon to be potentially
regulated by static DNA curvature was evaluated assuming a hypergeometrical
distribution.
Construction of transcriptional fusions to the chloramphenicol
acetyltransferase gene
To support the results of our computer analysis, we choose pyrC, aroG, and
argCBH as representative operons of the most significant regulons identified in
our statistical study: the PurR, TyrR, and ArgR regulons (see Table 1). The 400
bp upstream of the first genes of these operons were amplified by PCR with Taq
Gold polymerase (Applied Biosystems) using standard procedures [39]. The
oligonucleotides used in the PCR amplifications were designed to introduce the
BamHI and HindIII restriction sites at the 5′ and 3′ ends of the amplified
products, respectively. The resulting PCR-amplified fragments were digested
with BamHI–HindIII and cloned into the digested pKK232-8 (Pharmacia
Biotechnologies). The names given to these plasmids were pKK2-pyrC, pKK2-
aroG, and pKK2-argC, in accordance with the corresponding regulatory gene
fusions that they carry. All constructions were verified by DNA sequencing
using the dideoxy-chain termination procedure [40] with a ThermoSequenase
cycle sequencing kit according to the manufacturer's instructions (Amersham,
Inc.). Table 3 shows the oligonucleotides used in this study.
Bacterial strains, culture media, and plasmids
E. coli strain JM101 was used as template for amplifying the regulatory
regions (MURs) of our study as well as for the determination of CAT activity
assays. E. coli DH5α strain was used for the construction of the plasmids
carrying the different transcriptional fusions of the wild-type and mutagenized
regulatory regions. Strains were grown in Luria–Bertani or M9minimal medium
[39] supplemented with 0.2% glucose, 2 μg/ml thiamine, 0.2% hydrolyzed acidTable 3
Oligonucleotides used in this study
Operon
ptsHI-crr
aroG
argD
argCBH
purC
purHD
pyrC
livKHMG
hns
aroG
argCBH
pyrC
The sequences are given in the 5′ to 3′ direction.casein. For the CAT assays, the E. coli transformant strains were grown in the
M9 medium supplemented with an excess of corepressor as follows: for the
pKK2-pyrC construction, the M9 medium was supplemented with adenine to a
final concentration of 140 μg/ml. For E. coli strain carrying the pKK2-argC
construction, L-arginine was added to a final concentration of 1 mM. For the E.
coli strain carrying the pKK2-aroG construction, L-tryptophan and L-
phenylalanine were added to a final concentration of 1 mM. Ampicillin was
used at a final concentration of 200 μg/ml.
Experimental site-directed mutagenesis
Site-directed mutagenesis was performed using the QuickChange kit
(Stratagene) according to the manufacturer's instructions. Pairs of comple-
mentary oligonucleotides were synthesized with the selected changes obtained
by the computer analysis of all possible double mutants on DNA curvature
(see description of our Web server MUTACURVE under Results). The
plasmids pKK2-pyrC, pKK2-argC, and pKK2-aroG were used as templates
for the inverted PCR that introduced the desired changes in the pyrC,
argCBH, and aroG regulatory regions, respectively. The expected mutations
of each construction were verified by DNA sequencing as mentioned above
[40].
Electrophoretic mobility assay of DNA fragments
For each of the transcription units studied in our analysis, a 400-bp-long
fragment of the wild type (curved DNA) and of its corresponding noncurved
mutagenized regulatory region was obtained by PCR amplification. These DNA
fragments were run in a native polyacrylamide gel electrophoresis to observe
differences in the anomalously slow mobility of the curved DNA fragments. The
gel electrophoresis was performed according to [41] and it was as follows: 8%
polyacrylamide gels (30.0:0.8 acrylamide:bisacrylamide) in TBE (90 mM Tris–
HCl, 90 mM H3BO3, 2.5 mM Na2EDTA, pH 8.6) run at 4°C without buffer
recirculation. Gels were stained with ethidium bromide and photographed in an
Alpha Imager system (Alpha Innotech). The 100 bp ladder (100 Base-PairOligonucleotides used to amplify the operon regulatory regions
Fw AAAAGGATCCAAGAATTGCAACAGTAATGCCAGC
Rev AAAAAAGCTTCATTGTATTTCCCCAACTTATAGC
Fw AAAAGGATCCCTCCGCTATCGGCAGCCAGTGCGG
Rev AAAAAAGCTTGTCTGTTCCAGTGTTGCCATACTTATCTT
Fw AAAAGGATCCGCAATGGCGCAGGCATTTGGCGGTA
Rev AAAAAAGCTTCTCATGATCACCCTGTTACGCATAAACA
Fw AAAAGGATCCTATCGGTATGCCCCGCCAGCAACAAG
Rev AAAAAAGCTTAGGGGCTATTCACCTTCTTATGTCTGG
Fw AAAAGGATCCTGTCTGACAGCGACTGGCAGGAACTG
Rev AAAAAAGCTTCTTTATCACTCCTGGGTGTGAATTAACG
Fw AAAAGGATCCGAATTTCAGGATTTTTCTCTTCAACCGAAC
Rev AAAAAAGCTTGGTAAATCCCCTGGATTTGACTATTACAG
Fw AAAAGGATCCTCAGAAAGCGACCATGAAACTGAAGCTG
Rev AAAAAAGCTTTAATCTCTATGCTCCGGCTGAAGGGAT
Fw AAAAGGATCCAGTGGAACCAGTGTAGCGAAATAA
Rev AAAAAAGCTTAGTCGAAAATCCCCATTCGTGATC
Fw AAAAGGATCCCCTGTTGCGCAAGTAATAGCCCTCTG
Rev AAAAAAGCTTTGTAGTAATCTCAAACTTATATTGGGGTGG
Oligonucleotides used in site-directed mutagenesis
Fw GTTTTTCGCGACAAGCTGGCGTTGTTCTTGCTAATTCC
Rev GGAATTAGCAAGAACAACGCCAGCTTGTCGCGAAAAAC
Fw GAGCGCGGTAAATCTAGATACATGGCGGTAATTTG
Rev CAAATTACCGCCATGTATCTAGATTTACCGCGCTC
Fw GCCAGGGCGAAGCAATGGAGAAACAACTGGCGAAAGGCATTG
Rev CAATGCCTTTCGCCAGTTGTTTCTCCATTGCTTCGCCCTGGC
336 N. Olivares-Zavaleta et al. / Genomics 87 (2006) 329–337Ladder; Amersham), previously characterized to be a noncurved DNA, was used
as a molecular size marker.
CAT activity assays
The CAT assay was performed as described previously [42], with slight
modifications. To prepare crude extracts, cell samples were collected by
centrifugation (16,000g) and then washed with 1 ml of TDTT buffer (50 mM
Tris–HCl, pH 7.8, 30 mM DL-dithiothreitol). The bacterial pellet was
resuspended in 500 μl of TDTT buffer and sonicated on ice until it became
clear. Intact cells and debris were eliminated by centrifugation (16,000g) for 15
min at 4°C, and the supernatants were transferred to clean microfuge tubes. For
the CAT assays, 5 μl of each extract was added in duplicate to a 96-well ELISA
plate (Costar), followed by 200 μl of the reaction mixture containing 1 mM 5,5′-
dithiobis(2 nitrobenzoic acid) (Boehringer Mannheim)/0.1 mM acetyl-CoA
(Pharmacia Biotech.)/0.1 mM chloramphenicol (Sigma Chemical) in 0.1 M
Tris–HCl, pH 7.8. Changes in absorbance at 410 nm were read and recorded
every 5 s for 3 min, using a scanning autoreader and microplate workstation,
Ceres 900 C, and the KC3 Jr. Software (Bio-Tek Instruments) set in the kinetics
mode. The activities were obtained by interpolation with a standard curve, which
encompassed purified chloramphenicol acetyltransferase (Sigma Chemicals)
concentrations of 0–2500 U ml−1. Protein concentration of the cell extracts used
in the CATassays was determined using a protein assay kit (Pierce). BSA served
as the protein standard. These values were used to calculate the CAT specific
activity. Each value represents the average activity obtained from at least three
independent experiments.Acknowledgments
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